The optimal conditions for recording focal pupillary light responses with a multifocal stimulation technique were determined, and the technique was applied to normal subjects and patients with visual field defects. Thirty-seven hexagonal stimuli were presented on a TV monitor with a visual field of 40°diameter under a constant background illumination. Using a slow (4.7 Hz) m-sequence, reliable focal responses were obtained in both normal subjects and patients. The pupillary field and visual field were well correlated in patients with retinal diseases, but the correlation was not strong in patients with optic-nerve diseases. Pupillary light responses were reduced in the blind hemifield in patients with post-geniculate lesions. These results indicate that the multifocal stimulation technique can be used clinically to obtain a pupillary field for objective visual field testing.
Introduction
The pupillary light reflex is a valuable objective test used to assess visual function. When performed properly, it provides an indication of the integrity of the afferent and efferent pupillary pathways from the retina through the optic tract and the pretectum (Loewenfeld, 1993; Kardon, 1998) . There are, however, significant postgeniculate influences on the pupillary light reflex (see review by Wilhelm & Kardon, 1997) . The recent development of an infrared pupillometer with computer-assisted analysis has allowed a detailed evaluation of the pupillary light responses.
The pupillary response has been used for the objective testing of focal areas of the visual field. Different modes of stimulation including placing the stimulus targets along the horizontal meridian (Harms, 1949; Bresky & Charles, 1969; Narasaki, Kawai, Kubota, & Noguchi, 1974; Aoyama, 1975; Cibis, Campos, & Aulhorn, 1975; Alexandris, Krastel, & Reuther, 1979; Hamann, Hellner, Muller-Jensen, & Zshocke, 1979; Hellner, Jensen, & Mü ller-Jensen, 1997) or at multiple loci in the visual field (Sugita, Sugita, Mutsuga, & Takaoka, 1970; Frankhauser & Flammer, 1990; Kardon, Kirkali, & Thompson, 1991; Yoshitomi, Matsui, Tanakadate, & Ishikawa, 1999) have been used to elicit the pupillary responses. Recently, Kardon and coworkers (Kardon et al., 1991; Kardon, 1992) reported on an advanced automated pupillary perimeter that enabled the testing of numerous local areas in about 4 min. They succeeded in demonstrating defects of the pupillary response in localized areas of the visual field that were correlated with visual field defects determined conventionally. In this method, however, only a small number of responses (usually less than five) can be averaged at each location because of the limitation of recording time. However, if a larger number of responses are averaged, the background noise due to random pupillary movements can be significantly reduced.
In the present study, we employed a multifocal stimulation technique that was originally developed by Sutter and Tran (1992) for recording multifocal electroretinograms (ERGs). It was shown that a number of retinal areas can be simultaneously stimulated, and each local response (the ERG) can be indepen-dently extracted with a pseudo-random m-sequence analysis. Thus, an extension of this technique may allow us to assess local pupillary light responses. Sutter (1996) first succeeded in performing pupil perimetry with the multifocal technique, and then Wilhelm et al. (2000) applied the technique for clinical use.
We have also studied the pupillary light responses using the multifocal technique. Our goals were: to determine the optimal conditions for recording multifocal pupillary responses; to investigate the topographic map of the pupillary light response in normal subjects; and to apply the technique to patients with visual field defects to determine its clinical usefulness.
Methods and subjects

Subjects
Twenty normal subjects (age, 23 -39 years; mean, 30.1 years) were examined. All control subjects had normal visual function with corrected visual acuity of 20/20 or better. None of the subjects had a visual field defect.
Only the preferred eye was tested in each subject. Twenty-five patients with known visual field defects, including 10 with retinal diseases, eight with optic nerve diseases, three post-geniculate lesions and four with amblyopias were also tested. The tenets of the Declaration of Helsinki were followed, and all subjects gave informed consent after a full explanation of the procedures was given.
Stimulus and recording
Fig . 1A shows a schematic diagram of the system used in the present study. A computed infrared video pupillograph (C3160, Hamamatsu Photonics, Hama- matsu, Japan) was linked to the Visual Evoked Response Imaging System (VERIS, EDI, San Mateo, CA). Stimuli were presented on a TV monitor (QB1781, Chuomusen, Tokyo, Japan). To minimize the effect of the near response, the test distance was set at 45 cm, which was the maximum test distance in our VERIS system. The subjects wore lenses to correct their vision for this distance.
The stimulus array consisted of 37 densely packed hexagonal elements that were scaled with eccentricity to produce approximately equal local pupillary responses at all locations (Fig. 1B) . The stimulus covered the central 40°(diameter) of the visual field, and the array of hexagons was surrounded by the periphery of the TV screen.
In conventional multifocal ERG studies, fast m-sequence rates (67 -75 Hz) are commonly used (Sutter & Tran, 1992; Bearse & Sutter, 1996) . However, the m-sequence rate needed to be reduced for recording the pupillary light response because the pupillary light response has a longer response time and recovers more slowly than the ERG. In most of the present study, we employed an m-sequence rate of 4.7 Hz, although others have used 7-10 Hz m-sequence rates (Sutter, 1996; Wilhelm et al., 2000) .
Each hexagonal element was modulated between two patterns according to a pseudo-random binary m-sequence; four consecutive white frames followed by 12 consecutive dark frames (pattern a), and 16 consecutive dark frames (pattern b), as shown in Fig. 1C . This means that during stimulation, each hexagon has a probability of 1/2 of being pattern a or b. Fig. 2 also shows a schematic diagram of the m-sequence stimulation used in the present study. Each stimulus element was modulated according to the same m-sequence, but this sequence was delayed by different durations for each location. The focal pupillary response is computed as the cross-correlation between the stimulation sequence and the recorded responses (Sutter & Tran, 1992; Wu & Sutter, 1995; Baseler & Sutter, 1997) . The luminance of the white frame was set to 80 cd/m 2 (maximum stimulus intensity measured through the half-silvered mirror), which produced maximal pupillary response. To minimize the effects of scattered light, a background illumination of 12 cd/m 2 (also measured through the mirror) was used for both the dark frames and the periphery of the TV monitor ( Fig. 1B and C ).
Recording and analysis
The subject's eye was illuminated by three infrared LEDs (Fig. 1A) . The contralateral eye was occluded. The infrared image of the anterior segment of the eye was reflected by the half-silvered mirror and photographed by a CCD video camera (XC-75, Sony, Tokyo, Japan). The image of the pupil was monitored on a TV screen.
In the earlier stage of our study, we used the pupillary area (mm 2 ) as a measure of the response. However, we noted that many aged subjects had difficulty in keeping their eyes open wide enough to measure the pupillary area during the 4 min recording session. We then selected the maximal horizontal pupillary diameter for the response. The pupillary diameter was measured 60 times per second from a magnified infrared video image of the pupil, and the signals were then analyzed by the VERIS softwear (EDI, San Mateo, CA). The m-sequence used in the present study had 2 10 -1 elements and required about 4 min of total recording time. For the comfort of the subjects, the recording time was divided into 16 segments. To improve the signal-tonoise ratio, an artifact reduction technique (Sutter & Tran, 1992) was used once. A small amount of the spatial filtering technique was also applied only when the patient's responses were too noisy to measure the amplitude or timing; each individual response was averaged with 6% of its six neighboring responses.
Results
Effect of stimulus parameters on multifocal pupillary responses
To investigate the optimal conditions for recording the multifocal pupillary response, we first studied the effect of the m-sequence rate on the multifocal pupillary response. The m-sequence rate was varied from 2.3 Hz (32-frame interval, the slowest m-sequence rate available on our system) to 18.8 Hz (four-frame interval) by inserting dark frames after one white frame, as shown on the right-hand side of Fig. 3A . A constant stimulus duration (one white frame), stimulus intensity (80 cd/m 2 ) and background intensity (12 cd/m 2 ) were used. With increasing m-sequence rates, the amplitude of the summed multifocal pupillary responses (summed responses for the 37 individual responses) became smaller with a shortening of the peak time. At 4.7 Hz, the pupillary constriction decreased to 63% of that at 2.3 Hz, and to 27 and 10% at 9.4 and 18.8 Hz, respectively. Although the slowest m-sequence rate produced the largest pupillary response, we noted that each local response tended to be noisier and more unstable at 2.3 Hz than at 4.7 Hz. This was probably due to the decreasing number of responses that were averaged. We therefore selected the 4.7 Hz rate for the standard m-sequence rate.
We next determined the optimal stimulus duration, the number of white frames (Fig. 3B) . The number of white frames was varied from one to eight frames with an m-sequence rate of 4.7 Hz, a stimulus intensity of 80 cd/m 2 , and a background intensity of 12 cd/m 2 . The interval of the TV frame was 13.3 ms. The amplitude of the pupillary constriction increased slightly with increasing numbers of white frames due to the BunsenRoscoe law (stimulus intensity× time= k), and reached a maximum at four to six frames. Further increases of the number of white frames (eight frames) decreased the amplitude.
To obtain pupillary light responses from discrete areas of the visual field, it was important to select an optimal background intensity to minimize the stray light effect. For this purpose, a special stimulus array for detecting blind spot was used (Fig. 3C, top) . We first determined psychophysically the location of the blind spot on the TV screen in a normal subject (M.K.). We found that the blind spot of his right eye was included in a hexagon located at about 15°temporal on the horizontal meridian (black hexagon) when the subject fixated about 2°superior to the central fixation point (cross).
Using this stimulus array, multifocal pupillary responses were recorded for various background intensities of 3-48 cd/m 2 . A stimulus intensity of 80 cd/m 2 , an m-sequence rate of 4.7 Hz, and four white frames were used. Responses at the blind spot and from a location just nasal to it are shown at the bottom of Fig. 3C . At background levels of less than 6 cd/m 2 , small pupillary responses were recorded from the area of the blind spot, and the amplitude ratio of the blind spot to adjacent nasal location was 1/2 or more, presumably due to the scattered light. Under a background illumination of 12 cd/m 2 or higher, responses at the blind spot became considerably small, and the ratio became 1/4 or less. From these results, we selected a 4.7 Hz m-sequence rate with a four-frame duration as the standard stimulus condition. We also used 80 cd/m 2 for the stimulus intensity and 12 cd/m 2 for the background intensity. Fig. 4A shows representative multifocal pupillary light responses recorded from the right eye of a normal subject (LT). The 37 local responses corresponding to each hexagon are presented as a topographic map. In this response map, the blind spot is usually included in an element at the most temporal location (black area in Fig. 1B) . A good response was still elicited from stimulating this region, and it was difficult to detect the blind spot with this stimulus array because the size of the hexagonal element was larger than the blind spot. The ratio of the area of the blind spot to this element was relatively small. Fig. 4B shows the superimposed set of three responses recorded on three different days from the same subject whose individual responses are shown in Fig.  3A . These recordings demonstrate a reasonably good repeatability. Fig. 5A and B show the mean constriction amplitude (amplitude/retinal area, mm/deg 2 ) and the mean time to peak (ms) for each hexagon at the 37 loci for the 20 normal subjects. The mean constriction amplitude was largest in the central field (4.049 1.58 mm/deg 2 ), and decreased rapidly with increasing eccentricity. We also found that the amplitude was significantly larger in the temporal field than in the nasal field (PB 0.01, paired t-test, Fig. 5C ), despite the presence of the blind spot in the temporal field. These results are in agreement with past reports (Smith & Smith, 1980; Cox & Drewes, 1984; Schmid et al., 1995) .
Multifocal pupillary responses
Topographic changes of amplitude and time to peak
The responses from temporal field stimulation tended to have a faster time to peak, but the difference was not statistically significant (P= 0.30, Fig. 5D ).
Patients with 6isual-field defects
To date, we have applied our technique to 25 patients with various types of visual field loss including 10 with retinal diseases, eight with optic nerve diseases, three with post-geniculate lesions and four with amblyopia. In general, patients with retinal diseases had pupillary field loss in the same area as the visual field loss. Four patients with retinitis pigmentosa had severely reduced pupillary responses in the peripheral field with relatively preserved responses in the central area. Interestingly, For eight patients with optic-nerve diseases, including three with glaucoma, three with compression neuropathy and two with optic atrophy, the correspondence between the pupillary field and visual field varied and the correspondence was not as strong as that for patients with retinal diseases. One patient with glaucoma showed more extensive pupillary than visual field loss. The results of one patient with compression neuropathy, whose pupillary field also did not correlate well with visual field, are shown.
Compression neuropathy due to a supra-chiasmal brain tumor
A 43-year-old man lost his sense of smell and had a visual-field defect for 2 years. Computed tomography scans disclosed a supra-chiasmal brain tumor (meningioma) compressing the optic chiasm. A static visual field test showed visual-field defects in both eyes with severe damage especially in the temporal and lower visual fields. The data for the right eye are shown in Fig. 7A . The multifocal pupillary light response demonstrated a pupillary field defect especially in the lower visual fields (Fig. 7B ), but the two types of perimetric measurements were not strictly correlated: the pupillary field showed a relatively preserved amplitude in the upper temporal field, but the visual perimetry had an elevated sensitivity in the same field, and the results were reversed in the upper nasal field. The times to peak were also delayed in approximately the same area as the pupillary constriction reduction.
For three patients with post-geniculate lesions, the amplitude of pupillary responses was reduced in the blind hemifield. We present the results from a patient with a post-geniculate lesion due to an arterio-venous malformation in the occipital lobe.
Homonymous 6isual-field loss due to a post-geniculate lesion
A 55-year-old man had noticed a visual-field defect in the right hemifield for 3 months. He had good corrected visual acuities of 1.5 (30/20) in both eyes but had a homonymous visual field loss of the right visual field ( Fig. 8A; left eye) . A magnetic-resonance image showed an arterio-venous malformation in the left occipital lobe but no damage in the midbrain or the optic tract. The multifocal pupillary responses showed attenuated constriction amplitudes in the right hemifield ( Fig. 8B and C, left eye) , corresponding to the visual-field loss. Note that the times to peak were also slightly delayed at some areas of the right hemifield.
two of four patients with retinitis pigmentosa had a delayed time to peak in the central field in spite of a normal response amplitude. Two patients with macular dystrophy showed decreased pupillary responses in the central area. Examples of the pupillary responses of these patients are presented.
Retinitis pigmentosa
A 42-year-old man experienced night blindness and progressive visual field narrowing since his childhood. His present visual acuity was 0.8 (16/20) in both eyes. The Humphrey static visual field showed the visual field constriction to be less than 10°in both eyes (the visual field for the right eye is shown in Fig. 6A ). The pupillary constriction amplitude was normal in the central field but markedly reduced outside the central field ( Fig. 6B and C) . The time to peak of the constriction was markedly delayed over the entire field (Fig. 6D) . Even in the central field, where the amplitude fell within the normal range, the time to peak was severely delayed (698 vs. 5539 37 ms in normals).
Another patient with retinitis pigmentosa also had normal amplitudes (5.4 and 5.7 mm/deg 2 for the two eyes) with a delayed time to peak (628 and 634 ms) in the central field.
Discussion
We have demonstrated that it is possible to perform pupillary perimetry using the multifocal stimulation technique, and that the technique can be applied to patients with visual-field defects confirming a recent report by Wilhelm et al. (2000) . When compared to conventional pupillary perimetry, the multifocal stimulation technique has important advantages that can make it useful for clinical application. First, many locations of the visual field can be stimulated simultaneously using the m-sequence stimulation technique, and a large number of stimulus pulses (512 pulses in this study) can be used for each locus in a single recording session of about 4 min. Because it is wellknown that the pupillary response is influenced by various factors including emotional state, fatigue, and physiological pupillary unrest, the multifocal stimulation technique enables us to assess local pupillary responses in detail with excellent signal to noise ratio. This advantage could be valuable especially when one intends to analyze the temporal factors (e.g. latency time or time to peak) of small local responses in patients.
Second, reliable local pupillary responses can be obtained even under a high level of background illumina- tion with an excellent signal-to-noise ratio. The use of a high level of background illumination allows us to obtain local pupillary responses with minimum intrusion of the scattered light effect. In contrast, in the conventional ''point-by-point'' pupillary perimetry, a relatively low level of background illumination is used, and the effect of scattered light cannot be completely ruled out.
Determination of the pupillary field in patients with visual-field defects demonstrated that the conventional visual fields and pupillary fields were sufficiently correlated for clinical use. Wilhelm et al. (2000) also demonstrated defects of the pupillary responses in the areas of the visual field that correlated with known visual-field defects in patients with optic neuritis and pituitary adenoma. This correlation, however, was not strong in our patient with optic-nerve diseases. We noted that the correlation between two tests varied among the patients, and the correlation was not as strong as for patients with retinal diseases. Such disagreement between the two perimetric methods, however, may not be disappointing because it is reported that the correlation between visual field loss and pupillary reactivity is often not strong, especially in patients with optic-nerve damage (Brown, Zilis, Lynch, & Sanborn, 1987; Johnson, Hill, & Bartholomew, 1988; Kardon, 1992 Kardon, , 1998 . It is still uncertain if such discrepancies are due to the assumption that the pupillary response and visual perception might have separate ganglion cells and fibers with different susceptibilities to optic-nerve damage.
Since Harms (1949 Harms ( , 1951 reported that patients with post-geniculate lesions had reduced pupillary light reflex in the blind hemifield, a large number of studies (Cibis et al., 1975; Alexandris et al., 1979; Hamann et al., 1979; Kardon, 1992; Yoshitomi et al., 1999) have confirmed these findings using various types of pupillary perimetric techniques. These findings suggest the presence of neural connections between the occipital cortex and the pupillary constrictor neurons. Our results demonstrated that the pupillary light responses were reduced in the blind hemifield in patients with occipital lobe lesions even with the multifocal stimula- tion technique. These results are inconsistent with a recent report by Wilhelm et al. (2000) . They failed to detect visual field loss in a patient with an occipital lobe lesion. This discrepancy may be due to the differences of stimulus condition; we employed a constant background illumination to suppress the stray light effect, but they did not. Our patient with retinitis pigmentosa had markedly delayed peak time in the whole field. At almost all locations, the times to peak were longer than 640 ms, which was rarely seen in normal subjects. In our two patients, the time to peak was severely delayed even for the central field, where the pupillary constriction amplitude fell within the normal range. This discrepancy between the constriction amplitude and the timing was interesting. These results suggest that the timing of the pupillary response may contain different functional information from the constriction amplitude. Thus, the timing of the multifocal pupillary response may become a useful parameter to detect a localized visual-field defect.
The exact reason why patients with retinitis pigmentosa had more severe changes in timing than in amplitude is unclear. This timing/amplitude disparity may originate from the retina itself. Hood et al. (1998) studied the multifocal electroretinograms (mERGs) in patients with retinitis pigmentosa and reported that the timing was much more affected than the amplitude for the mERGs in some patients. They reported that in diseases of the outer retina, and in particular the outer plexiform layer in entities such as retinitis pigmentosa, the timing may be affected out of proportion to other aspects of the electrical response (Hood et al., 1998; Hood, 2000) . These findings may explain the severe change in time to peak observed in our patients with retinitis pigmentosa. Another hypothesis is that not only the dysfunction of retinal cells itself, but also the pathology of the nerve fibers may contribute to the marked timing delay because patients with retinitis pigmentosa can have secondary optic-nerve atrophy as well as retinal degeneration.
As with conventional point-by-point pupillary perimetry, the multifocal pupillary perimetry has its limitations. One of the limitations is that patients are not allowed to blink during the recording time interval because the signal is distorted by the effects of blinking. For patients who blink frequently, it might be better to shorten the recording interval. Another problem is that this technique cannot be used in patients with very small pupils or some patients with glaucoma who have undergone surgery or are being treated by drugs, such as miotic agents, that would affect the pupil reaction. Therefore, prior to the test, the examiner must check the subject's pupil diameter and ask patients if they have received such therapies.
In conclusion, we have demonstrated that the recording of multifocal pupillary light responses is feasible, and the technique can be a valuable objective tool for clinical purpose. Multifocal pupil perimetry also revealed reduced responses in the blind hemifield, even in patients with post-geniculate lesions. Although the spatial resolution is low, and the stimulus parameters may still require further improvement, our study suggests that this technique can allow an assessment of the pupillary light response topographically for the amplitude and timing of the pupillary response.
